Fiber size, pore size, and air permeability are three important properties in melt blown (MB) webs. Air permeability governs the air resistance or the pressure drop of the air through the web. One of the major applications of MB webs is for air filters. Fiber size dominates the web air filtration efficiency. Liquid filtration is another major application of MB webs. Pore size of the web determines the rated particle size in liquid filtration. Air permeability can be easily determined by air permeability testers. Fiber size and pore size in MB webs are difficult to measure by optical microscopy or other methods. However, they can be determined in fibrous products from the air flow rate through the web.
Introduction
Melt blowing is a one step process to make microfiber webs directly from polymer resin. Melt blown webs have been developed for a large variety of applications, such as filters, operation gowns, wipes, oil absorbents, and battery separators, etc. All utilize the advantage of the microfibers which result in a breathable barrier fabric. Fiber size is a very important web property, which dominantly governs the filtration efficiency of the webs. The microfiber size of a MB web is difficult to measure using an optical microscope due to the fact that the fiber size is only slightly larger than the visible wavelength and no sharp edge is defined because of the light diffraction. It is time-consuming, tedious, and expensive to measure the fiber size by scanning electron microscopy although it is the most commonly used technique at the present time. Pore size is another important melt blown web property, which determines the web applications as liquid filters and battery separators. It can be determined using a porometer. Again, it is expensive and time-consuming. In this paper, the determination of fiber size and pore size of melt blown webs using air flow technique is discussed. It is a quick and accurate method at least for the nonwovens mentioned. 
Background
Several relationships between pore size and fiber size in fibrous materials have been shown by earlier researchers. For metal fibrous mats, Goeminne [1] showed the relationship between largest pore size (da) and fiber size as (1) where D is the fiber size and is the mat porosity. He also showed the relationship between mean pore size (d m ) and fiber size for porosity less than 0.9 as 
where DEN is fiber denier, x is felt packing density, and y is fiber density.
Equations 1-3 show that there is a relationship between pore size and fiber size by packing density for fibrous mats. One parameter, either fiber size or pore size, can be determined if the other is determined. Fiber fineness and pore size can be determined by air flow technique. The fineness of cotton fibers determined by the Micronaire test [3] is an example. This test measures the resistance of the air flowing through the fibers in a bulky form. The air resistance is from the friction of the air with the fiber surface. The air resistance increases as the fiber surface increases. Finer fibers have larger surface area than coarser fibers for a given amount of mass. Another example is the measurement of 1st and 3rd bubble points reported by Wagner [4] who showed that there was an excellent agreement of bubble points measured by several companies using different flow methods. This paper will discuss how fiber size and pore size of melt blown webs can be determined by air flowing through them.
Theory
The general equation for fluid flow through porous medium was described by Brinkman [5] as (4) where p = fluid pressure on the medium µ = air viscosity k = air permeability v 0 = air superficial velocity = air density
The gravity term ( g) can be discarded because air density is negligible compared to the medium resistance to the air flow. The turbulent term, the third term on the right side of the equation, can be neglected at a low air flow rate. Therefore, Equation 4 is reduced to Darcy's law for air flowing through porous materials at low air flow rate, which is (5) For fibrous webs, a porous material, if the fibers are transverse to the flow direction, the air flowing through the web will obey Darcy's law and the following equation must be obeyed [6] 
where c is web packing density (a ratio of the fiber volume to that of the web in which the fiber is composed of) , A is the web cross-sectional area subjected to the air flow, R is the average fiber radius, Q is the air flow rate and h is the web thickness.
Several forms of the function of c were given, e.g., Langmuir [7] gave the function of c as (7) Davies [6] made an experimental correction in Equation 7 and provided the following relation for packing density in the interval of 0.006 < c < 0.3
where d f is the average fiber size v is the fluid flow velocity.
If the fiber cross-sectional area is irregular rather than circular, the fiber size (d f ) in Equation 9 is called effective fiber size, a parameter that dominantly determines the air filtration efficiency of a fibrous material. Depending on the fiber shape and the fiber size distribution in the web, effective fiber diameter varies from the average of the actual fiber size. However, effective fiber size is always larger than the average of the actual fiber size [6] .
The effective fiber size can be calculated from Equation 9 if the pressure drop is determined from a laminar flow through the fibrous medium. The actual fiber size can be obtained from the corresponding curve for the effective fiber size and actual fiber size. This technique will be described in a later section of this paper.
We now continue on the theory of pore size determination. For the fluid flowing inside a circular pipe, Darcy's law becomes Hagen-Poisulla's law, which is described by the following equation (10) in which the coefficient in laminar flow is 32/D 2 in Darcy's law for fluid flowing through porous materials. The fluid velocity inside the web is higher than the web superficial velocity and should be increased by 1/ , where is the web porosity. Together with the modification of the fluid flow by turtosity factor (T), a term that describes the increase of the fluid flowing path through porous materials, Equation 10 becomes (11) where z is the web thickness and the other terms were defined before. Equation 11 is ASTM F902 Standard [7] to obtain the average circular-capillary-equivalent pore size by laminar air flow. By combining Equations 9 and 11, another relationship between pore size and fiber size can be obtained, i.e.
Equation 13
says that average circular-capillary-equivalent pore size is related to effective fiber size by a function of web packing density g(c). This agrees with Equations 1-3 found by the previous researchers for fibrous mats. Now the air permeability in Darcy's law for air flowing perpendicularly through a flat web, i.e. one-dimensional flow, can be obtained by combining Equations 5 and 9 as (14) in which for one-dimensional flow, Equation 14 says that air permeability is only a function of fiber size and the function of packing density, and pore size term is not apparently involved. However, pore size is an implicit function of fiber size and packing density function.
Experimental
A TSI Automated Filter Tester was used to measure the web filtration efficiency. It also displayed the pressure drop across the web at a constant air flow rate, 5.3 cm/s in this study. A Frazier air permeability tester was used to measure the air flow rate at constant web pressure drop, 12.7 mm of water according to ASTM Method D737 (10) . Pressure drop and air flow rate measured from both instruments were employed to calculate the effective fiber size by Equation 9 . Four MB webs were produced at a large range of primary air velocity (60%, 70%, 80% and 90% air valve opening) from Accurate Products melt blowing line at the University of Tennessee to obtain a broad range of fiber size. A curve as shown in Figures 1 and 2 that corresponds the effective fiber size to SEM fiber size can be obtained. This curve is therefore used to find the actual fiber size, i.e. SEM-equivalent fiber size, once the effective fiber size is obtained. Effective fiber size is not the average of actual fiber size as described previously. However, it is an excellent "yard stick" of actual fiber size. Effective fiber size is a function of fiber shape and fiber size distribution of a web. The curve relating SEM-equivalent fiber size to actual fiber size is not a universal curve for all fibrous webs, i.e. the curve changes when either the fiber shape or the fiber size distribution changes. However, for typical melt blown webs, they have similar fiber shape and fiber size distribution. Therefore, the relating curve is excellent for all typical melt blown webs.
Three other melt blown webs with a broad range of fiber sizes were produced by changing the die temperature and primary air velocity. The actual fiber size of this group of webs was obtained from the corresponding curves in which the effective fiber size was calculated from the data obtained using TSI tester and Frazier tester. The actual fiber size was compared with those measured using the scanning electron microscope.
The pressure drops obtained at constant air flow rate for different melt blown webs having different fiber size from TSI tester were used to calculate average circular-capillary-pore size. The results were compared with the mean flow pore size measured from Coulter Porometer II based on the equation that describes the capillary flow in a tube [11] (15) where D is the pore size, g is the surface tension and q is the contact angle. Contact angle is zero for a wet-out sample by the fluid used in the porometer. Therefore, Equation 15 becomes (16) Surface tension is constant and can be determined for the liquid used to wet out the sample. Therefore, pore size is inversely proportional to the applied air pressure. Figures 1 and 2 are the curves that relate the actual fiber size obtained from the scanning electron microscopy to effective fiber size derived from the data obtained from TSI and Frazier testers, respectively. Theoretically, as long as the air flowing through the webs is laminar, these two curves should be equal for the fibrous materials such as MB webs having similar cross-sectional shape and fiber size distribution. Actually, some deviation occurs and it is explained in the later paragraph.
Results and discussion
A typical melt blown web has an average fiber size of approximate 2 mm. The Reynolds number at TSI standard air flow rate, 5.3 cm/s, is (17) where D is the fiber size. The Reynolds number for a typical melt blown web (Re = 0.0067) is much lower than the critical Reynolds number (Re = 1.0) for a turbulent flow through a porous medium. Therefore, the air flow through the fabric is laminar.
The pressure drop sensitivity of the instrument at different flow rate presents a reason that the two curves derived from two different testers did not completely agree. Different curves mean that different air flow rates may provide different effective fiber sizes. The corresponding actual fiber size obtained from different curves should be equal for the same web. However, the fabric is compressed by the pressure difference in the upstream and downstream of the fabric. Therefore, testing at different pressure drops attributed to the distortion of the web presents another deviation on the actual fiber size obtained from effective fiber size from different testers.
The actual fiber size obtained from Figures 1 and 2 , measured by TSI and Frazier, respectively, for a group of samples produced at different process conditions is listed on Tables 1 and 2 and is also compared with that measured from scanning electron microscopy. The maximum error from TSI was 10.8% and 19.1% from Frazier. This amount of error is reasonable and acceptable for MB webs because they have a large range of fiber size distribution (CV%=50%) and their fiber size is too small to be measured by any other technique. Melt blown fiber size measured from different instruments, e.g. optical microscope and SEM, or by different technicians usually contribute to an error that is greater than 20%. Figure 4 shows the pore size relationship between that measured from Coulter Porometer II and that derived from the air flow rate obtained from the TSI Filter Tester for a group of MB webs having different fiber size and pore size. They had a good agreement for the pore size smaller than 50 mm. Pore size from Coulter Porometer II may not be stable for large pore size and the low pressure drop in TSI from the webs of large pore size may be out of the sensitivity of the instrument sensor. Figure 4 shows another plot of the pore size measured from Coulter Porometer II and calculated using air flow rate from TSI Filter Tester for a set of nine typical 34 g/m 2 (1 oz/yd 2 ) melt blown webs produced at different time. Figure 5 shows the disagreement of air permeability measured from the Frazier air permeability tester, TSI filter tester and Coulter Porometer II at different pressure drops and normalized to that of Frazier tester (12.7 mm of water). The normalized air permeability will be lower than that measured from Frazier tester if the pressure drop measured from other testers was higher than Frazier tester because a higher pressure will compress more on the web as discussed before. Therefore, a lower air permeability will be measured. This is true for the normalized air permeability obtained from the Coulter Porometer II at a higher pressure drop as shown in the curves in Figure 5 . The normalized air permeability from the TSI tester at a lower pressure than from Frazier tester shows a lower air permeability as illustrated in the same figure, and this reason is not known. It is observed that air permeability should be measured at the specified pressure drop rather than to convert the air permeability from another pressure drop by a theoretical equation, such as Equation 9, because of the different distortion of the web compression and hence packing density by different pressure across the web from the applied air flow rate. The higher the pressure across the web, the more the web packing density is distorted. Therefore, the normalized air permeability is reduced.
Conclusions
Air flow techniques provide a quick method to accurately calculate two important MB properties, fiber size and pore size. This method can be done on any air flow instrument if a laminar air flow through the web is provided. The Frazier air permeability tester and TSI filter tester were two instruments used in this paper for the determination of fiber size by air flow technique. They both show a good agreement with the fiber size measured from scanning electron microscopy. Air flow rate and pressure drop measured from the TSI instrument was also used to calculate the MB web pore size. The results had a good agreement with those measured by the Coulter Porometer II for the pore size less than 50 mm. Air permeability measured from the Frazier tester did not agree with that measured from other air flow testers and normalized to the constant pressure drop (12.7 mm of water) used in Frazier tester according to ASTM Method D737.
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